Transcription factor cAMP-responsive element modulator (CREM) plays a key physiological and developmental role within the hypothalamic-pituitary-gonadal axis. The use of an alternative, intronic promoter within the CREM gene is responsible for the production of a cAMPinducible repressor, inducible cAMP early repressor (ICER). ICER negatively autoregulates the ICER promoter, thus generating a feedback loop. We have previously documented a striking, clock-driven circadian f luctuation of CREM expression in the pineal gland. Oscillating ICER levels tightly correlate with f luctuations in the synthesis of the pineal hormone melatonin, whose production is also driven by the endogenous clock. Melatonin in turn regulates the hypothalamic-pituitary axis. The enzyme serotonin N-acetyltransferase (NAT) catalyzes the rate limiting step in melatonin synthesis. Thus, oscillations in NAT levels determine the circadian synthesis of melatonin. Here we demonstrate that NAT expression is dramatically increased in CREM-deficient mice that we have generated by homologous recombination. Characterization of the NAT promoter shows the presence of a ICER binding site. In addition, transfection studies show that ICER powerfully represses NAT transcription. Our results implicate CREM as a central regulator of output functions of the clock. Indeed, CREM acts as a key regulator of oscillatory hormonal synthesis.
A fundamental role of endocrine regulatory systems is to time physiological processes. Pulsatility, circadian, and seasonal rhythmicity characterize the action of many hormones (1, 2) . Long-term physiological adaptations are mediated by changes in gene expression. Thus, the dynamic properties of transcriptional regulators constitute an essential link in the relay of hormonal information.
Rhythmic production of the hormone melatonin serves as an important day-night and seasonal endocrine signal (3) (4) (5) . Clock-derived adrenergic signals are transduced into nighttime melatonin synthesis by the pineal gland (6) (7) (8) . The cAMP signaling pathway activates the enzyme serotonin Nacetyltransferase (NAT) that catalyses the rate limiting step of melatonin synthesis (9, 10) . Thus, NAT represents a key regulatory step for melatonin synthesis.
Transcriptional regulation by cAMP is mediated by a family of bZip transcription factors that bind to cAMP-responsive elements (CREs) (for review, see ref. 11 ). These factors function either as activators or repressors and their activity is tightly regulated by phosphorylation. Constitutively expressed factors such as CRE-binding protein (CREB, ref. 12) are phosphorylated by the cAMP-dependent protein kinase A (PKA) and converted into powerful transcriptional activators. This step constitutes the link between cAMP signaling and gene expression (13) (14) (15) .
Among CRE regulators, the products of the CRE modulator (CR EM) gene play a key role in the pituitar yhypothalamic-gonadal axis (16) (17) (18) (19) (20) . CREM encodes a family of repressors and activators with characteristic tissue-and cell-specific expression. Specifically, a cAMP-inducible alternative promoter (P2), which lies near the 3Ј end of the gene, directs expression of inducible cAMP early repressor (ICER) (21, 22) . This small factor lacks the activation and kinaseinducible domains, and thereby functions as a dominant repressor of cAMP induced transcription (21, 22) . Importantly, ICER down-regulates its own transcription via binding to CRE sites in the P2 promoter, thereby constituting a negative autoregulatory loop (21) . We have shown that ICER plays an important regulatory role in several endocrine tissues (23, 24) .
We have described a striking day-night rhythm of ICER mRNA expression in the rat pineal gland (22) . ICER transcription is directed by the same clock-derived adrenergic signals that drive melatonin synthesis (22) . Specifically, the peak of ICER mRNA occurs during the second part of the night, just preceding the decline of melatonin synthesis. The ICER peak also precedes the downregulation of NAT mRNA (25) . The CREM day-night switch is developmentally regulated and matures postnatally in synchrony with rhythmic melatonin production (26, 27) . We have also shown that the rate of nighttime induction of the CREM gene as well as its cAMP inducibility decrease upon adaptation to increasing night length (28, 29) . Photoperiod-dependent changes in the mode of CREM induction accompany changes in the profile of melatonin synthesis (28, 29) . Together, these observations support the notion that rhythmic ICER expression, and thus the CREM feedback loop, make an essential contribution to the downregulation of melatonin synthesis by repressing cAMP induced NAT transcription (25) .
Here we directly address the role of ICER in shaping the rhythmic expression of NAT in the pineal gland. We demonstrate that NAT expression is deregulated in CREM-mutant mice and confirm that the NAT promoter is repressed by ICER. These findings implicate CREM as a key player in shaping oscillatory hormone synthesis.
MATERIALS AND METHODS
Experimental Animals. Wistar male rats (40-day-old) together with wild-type (wt) strains of mice (8-to 10-week-old 129͞Sv and C3H͞He) were purchased from Iffa Credo (France) and housed in accordance with institutional guidelines under light͞dark 12:12 lighting conditions (night from 19:00 to 07:00). For isoproterenol treatment, animals were i.p. injected with isoproterenol dissolved in physiological saline (10 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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RNA Analysis. RNA was extracted from dissected pineal glands as described (22) and 0.5 g aliquots were assayed using a miniaturized version of a standard RNase protection assay (16) . All denaturing, annealing, and digestion steps were performed in 0.5 ml microcentrifuge tubes in a PCR thermal cycler. The CREM probe p6N1 has been described (16) . The NAT probe was derived from the 5Ј end of a rat NAT cDNA clone (30) . The NAT protected fragment extends 157 nucleotide upstream of a unique KpnI site (located at position ϩ377 relative to the rat transcription start site; ref. 30 ). The Fra-2 probe was derived from a mouse Fra-2 cDNA clone (31) . The 147-nucleotide Fra-2 protected fragment extends from a KpnI site to an upstream AvaII site located at positions ϩ319 and ϩ172 relative to the translation start site respectively. Equal loading and quality of RNA was determined following reverse transcription-PCR quantitation of glucose 6-phosphate dehydrogenase transcript (20) .
NAT Promoter Analysis. The entire NAT rat gene was isolated from EMBL3-SP6͞T7 genomic phage clones as a 6.5-kb HindIII fragment. A 378-bp AvaII blunt-ended fragment was subsequently subcloned into the vector pBLCAT2 to generate the clone pPromNAT-chloramphenicol acetyltransferase (CAT) (32) . A double-stranded oligonucleotide (5Ј-CCGATGACGCCAGCCCTCAGCA-3Ј) was cloned into the HindIII-XbaI sites of the vector pBLCAT3 making pNAT-CRE-CAT (32) . Human choriocarcinoma JEG-3 cells were transfected and assayed for CAT activity as described (16) . A standard gel mobility shift assay was used to test for binding to the CRE element (16) with the following modifications. Miniextracts were prepared from pools of five rat or 10 mouse pineal glands using a modified Dignam et al. method (33) . Protein concentrations of each extract was determined using a Bio-Rad protein assay kit prior to each assay.
RESULTS
NAT Oscillates in the Mouse. To directly define the contribution of ICER to the rhythmic expression of NAT, we chose to analyze NAT expression in mice that carry a null mutation at the CREM locus (34) . Many inbred mouse strains have genetic defects in melatonin synthesis (35, 36) . Amongst melatonin-deficient strains are those routinely used for transgenic and homologous recombination experiments (e.g., 129͞ Sv) (35) . Accordingly, we first tested day-night CREM and NAT expression in pineal glands from melatonin-positive (C3H͞He) and -negative (129͞Sv) strains. Using RNase protection analysis we observe a robust day-night rhythm of both ICER and NAT expression in both strains (Fig. 1 , lanes 2-5 and 7-10). This result demonstrates that the mutation that prevents melatonin synthesis in 129͞Sv mice does not affect normal NAT and CREM rhythmic expression. We then tested the adrenergic inducibility of CREM expression. We confirmed that, as previously shown in the rat (22) , isoproterenol injection induces CREM expression in the mouse (Fig. 1, lanes  11-14) . We next wished to determine the precise pattern of CREM and NAT expression in the mouse pineal gland. Under light͞dark 12:12 conditions, the kinetics of both ICER and NAT are identical to those previously reported for the rat ( Another gene whose expression has been shown to oscillate in the pineal gland is the fos-related Fra-2 (31). Indeed, in the rat Fra-2 mRNA expression also appears to be directed by adrenergic signals and to be elevated during the first part of the night (37) . Furthermore, Fra-2 has been implicated as a negative regulator of NAT expression (37) . In the mouse we observe the same kinetics of Fra-2 expression as in the rat ( Fig.  2B ; ref. 37) . Thus, the patterns of CREM, NAT, and Fra-2 expression indicate that rat and mouse pineal glands can be considered equivalent in terms of adrenergically regulated gene expression.
Aberrant NAT Rhythm in CREM-Deficient Mice. We previously generated mice that are homozygous for a null mutation in the CREM locus (34) . This mutation truncates the C-terminal DNA binding domain and thereby inactivates all CREM isoforms, including ICER. To define the role of ICER in the regulation of NAT, we tested NAT levels in CREM mutant mice sacrificed at selected time points throughout the night (Fig. 3A) . With the exception of the 19:00 point where mutant and wt control animals display an equivalent low basal level of expression, at all other time points, the mutant animals have significantly higher levels of NAT mRNA. Consequently, the overall kinetics of NAT expression are modified in the mutants (Fig. 3C) . Specifically, the NAT induction is detected earlier, arrives at a higher peak of expression and then persists FIG. 1. CREM and NAT rhythmic expression is conserved in melatonin-deficient and normal mouse strains. RNase protection assays of NAT and CREM mRNA expression in a melatonin deficient (129͞Sv) and normal (C3H͞He) mice (37) . Mice were sacrificed at 12:00 (D) or 24:00 (N) as indicated (lanes 2-5 and 7-10). Also, 129͞Sv mice were injected with isoproterenol (ϩIso) and sacrificed 2, 4, or 6 hr later. Together with a noninjected control (0), these mice were assayed for CREM expression (lanes [11] [12] [13] [14] . t represents tRNA controls for both probes (lanes 1 and 6). For the CREM probe (p6N1 in ref. 16 ) the 316-and 218-nucleotide bands correspond to CREM transcripts incorporating DBDI and DBDII, respectively (16) . For NAT, the mouse protected fragment is 157 nucleotides as in the rat. In both 129͞Sv and C3H͞He mice, rhythmic day-night expression of both NAT and CREM is evident. Furthermore CREM expression is induced by isoproterenol injection as reported for the rat (22) . longer than in wt siblings. In contrast, the kinetics and magnitude of Fra-2 expression is equivalent in wt and mutant animals (Fig. 3B) . These results clearly implicate ICER as a negative regulator of NAT expression. Importantly, normal Fra-2 expression in the mutant animals demonstrates that ICER negative regulation does not extend to all adrenergically regulated genes. Furthermore the Fra-2 result confirms that clock-derived adrenergic signals are not grossly altered in the CREM mutant animals.
ICER Directly Regulates NAT Expression. To uncover the molecular mechanisms whereby ICER downregulates NAT expression we characterized the promoter regulatory sequences of the NAT gene. We screened a rat phage genomic library with a 200-bp oligonucleotide probe derived from the 5Ј end a full-length NAT clone (30) . We isolated two overlapping phage clones that encompass the entire NAT gene and extend 10-kb upstream of the cDNA start point. After subcloning the coding and 5Ј flanking region, sequence comparison with the original NAT cDNA clones revealed that the gene is divided into four exons. The first intron is the largest (Ϸ2 kb) and is sited within the 5Ј untranslated region, while the remaining two introns are significantly smaller and positioned within the coding region. We demonstrated that the 5Ј boundary of the cDNA clones corresponds to the most 5Ј transcription start site by both primer extension and RNase protection analysis using nighttime rat pineal RNA (data available upon request). Sequence analysis up to 154-bp upstream of the transcription start site is reported in Fig. 4A . The sequence reveals a region with a base composition of 43% AT, 57% GC, and the absence of any canonical CAAT or TATA boxes. However, a CRE element (TGACGCCA) different from the consensus (11) by only one mismatch is centered at position Ϫ108.
We initially tested whether the NAT promoter region is sufficient to direct cAMP inducible transcription and whether it can be downregulated by ICER. We cloned a 378-bp fragment of the NAT promoter including the first exon into a CAT reporter plasmid (pPromNAT-CAT) and performed transient transfection assays. Cotransfection with an expression vector for the PKA catalytic subunit or treatment of transfected cells with forskolin lead to a strong reporter activation (Fig. 4B) . Cotransfection with substoichiometric concentrations of an ICER expression vector abolished PKA or forskolin-mediated induction. We next tested whether the CRE alone could confer cAMP inducibility and repression by ICER on a heterologous promoter. We therefore cloned the NAT element upstream of the thymidine kinase minimal promoter (pNAT-CRE-CAT) and performed an equivalent set of transfection assays. The results confirm that this element alone is sufficient to direct cAMP inducibility and repression by ICER (Fig. 4B) .
ICER represses cAMP-induced transcription by binding directly to CRE elements as nonactivating homodimers or in heterodimeric complexes with other CRE binding factors (21) . We thus wished to determine whether ICER is able to bind to the NAT CRE element. By gel mobility shift assay we confirmed that bacterially-generated ICER as well as the CREM activator protein are able to bind to the CRE in the NAT littermates that were sacrificed in parallel at the times indicated throughout the night, were analyzed for NAT (A) and Fra-2 (B) expression by RNase protection assay. The NAT transcript begins to increase at 23:00 in the mutant mice while a similar increase is detected later in the wt animals between 24:00 and 01:00. The peak of expression at 03:00 is considerably stronger in the mutant than in the wt animals. Furthermore, the NAT transcript remains higher in the mutant than the wt mice at 09:00. In contrast, Fra-2 expression has the same profile in both sets of mice as shown in Fig. 2B. (C) . The times of sacrifice relative to the 12-hr night are shown schematically. Above is represented the kinetics of nighttime NAT mRNA expression in the wt (ϩ͞ϩ; black shaded curve) and CREM mutant mice (Ϫ͞Ϫ; grey shaded curve). Lack of CREM significantly perturbs the normal profile of NAT expression.
promoter (Fig. 4C) . To test for binding in vivo, we next assayed nuclear extracts prepared from mouse and rat pineal glands. Interestingly, the NAT element binds predominantly a high mobility complex in both rat and mouse extracts that comigrates with the ICER bacterial protein complex. A slower mobility binding complex corresponding to activator proteins is also visible on longer exposures (not shown). To determine whether the pineal high mobility complex indeed contains ICER protein, we prepared nuclear extracts from the pineal glands of our CREM mutant mice. In these mutant mouse extracts, the complex is completely absent, demonstrating that endogenous ICER protein does indeed bind to the CRE element (Fig. 4C) .
DISCUSSION
In this study we link rhythmic expression of a transcription factor in the pineal gland with shaping the profile of melatonin synthesis. Specifically, the timing and magnitude of nighttime induction of the melatonin synthetic hormone NAT are determined by the repressor ICER. CREM has already been shown to play diverse physiological roles in the neuroendocrine system (22) (23) (24) . During spermatogenesis, the CREM activator is expressed at high levels in maturing spermatids and has been implicated in the regulation of several haploid-specific genes (19, 34) . The notion that CREM functions as a master controller of haploid gene expression is supported by the complete block of spermiogenesis in mice that carry a null mutation in the CREM gene (34, 39) . Furthermore, ICER has been implicated in the down-regulation of specific hormone receptor mRNAs in the process of long-term desensitization (23, 24) . This report directly implicates CREM regulation in the timing of hormone production.
Here we identify a key transcriptional regulator of the NAT gene. The cloning of the NAT cDNA has facilitated the studies of the regulation of melatonin synthesis (30, 40) . The remarkable species-to-species variation in the magnitude of the day-night NAT mRNA rhythm implies an inherent flexibility in its regulation. In this regard, posttranscriptional modifications also play a key role in the regulation of this enzyme (9). (20, 21) . CAT assay results were quantified by counting radioactivity of chromatographic plates and expressed as a fold induction. Both the NAT promoter and CRE element direct cAMP-inducible transcription that is strongly repressed by ICER. (C) Gel mobility shift assay of binding to the NAT CRE element. Bacterially generated CREM and ICERII protein (CREM and ICER, respectively) and nuclear extracts prepared from the pineal glands of rat and wt (ϩ͞ϩ) and CREM-mutant (Ϫ͞Ϫ) mice were assayed for binding. Both rat and wt mice show a high mobility binding complex that comigrates with that generated by bacterial ICER protein. This complex is absent in the CREM-mutant extracts.
It will be of great interest to assess the relative contribution of ICER and other transcriptional regulators to melatonin rhythmicity in different species. This includes the avian and reptilian pineal glands where pinealocytes also possess photoreceptor function and an endogenous oscillator (41) (42) (43) . An understanding of the conservation of NAT transcriptional regulation during evolution therefore may also shed light on the nature of basic clock regulatory mechanisms.
Interestingly, the expression of Fra-2 that is also directed by rhythmic adrenergic signals, is not affected in the CREMmutant mice. Furthermore, there are clear differences in the timing of nighttime induction between the CREM, NAT, and Fra-2 genes. These findings indicate that negative regulation by ICER in the pineal gland does not extend equally to all cAMP regulated genes. Differential binding affinities of activators and repressors to various CRE elements may explain this observation. Recent results from our laboratory support this notion (unpublished work).
The normal rhythm of Fra-2 expression in the CREM mutant mice may participate in the downregulation of NAT mRNA. However, a direct assessment of the contribution of Fra-2 to NAT regulation in vivo must await the analysis of Fra-2 mutant mice. The detection of rhythmic NAT, CREM, and Fra-2 expression in the mouse should facilitate studies with transgenic and mutant mice strains. Many inbred laboratory mouse strains are melatonin deficient (35) . By biochemical and genetic analyses, defects in NAT or NAT regulators and hydroxyindole-O-methyltransferase have been implicated in this deficiency (36) . However our results clearly demonstrate that at least in the 129͞Sv strain, the expression profile of NAT mRNA is normal.
The premature rise of NAT expression in the mutant mice is consistent with photoperiod-dependent changes in the mode of cAMP-regulated gene expression (29) . Decreasing basal levels of the ICER protein together with increased phosphorylation of the CREB activator correlate with a faster induction of gene expression. Unlike the case of the CREM mutant mice however, exposure to various photoperiod regimes does not alter the peak levels of expression. This might reflect repression by de novo synthesized ICER that is lacking in the mutant mice. Together, these findings support the following scenario for ICER function in the pineal gland (Fig. 5) . Rhythmic adrenergic stimulation drives a cycle of CREB phosphorylation and dephosphorylation mediated by the balance in the activities of PKA and specific phosphatases. Consequent nighttime activation of the P2 promoter, together with the CREM feedback loop, sets a basal level of ICER protein. By binding directly to the CRE element in the NAT promoter, ICER thereby modulates the rate and magnitude of rhythmic melatonin induction in response to adrenergic signals (Fig. 5) . It is interesting to note how autoregulatory loops are a common theme in the molecular regulation of circadian rhythms (44) (45) (46) . Our work now links this feature to the oscillatory regulation of hormonal synthesis.
The implications of our findings extend beyond melatonin synthesis in the pineal gland to other endocrine systems. The ability of a transcription factor to modulate the kinetics of hormone synthesis represents an important concept. Longterm changes in gene expression in response to hormonal signals in turn modulate the subsequent pattern of hormone production. In this way, CREM can be regarded as part of a relay of information enabling temporal adaptations of endocrine function in response to a changing environment.
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FIG. 5.
The role of the CREM feedback loop in transducing a rhythmic clock-directed signal into rhythmic hormone synthesis. Schematic representation of the regulatory pathway responsible for generating rhythmic melatonin synthesis. Nighttime adrenergic signals originating from the clock, activate PKA and thus phosphorylate CREB. During the day, dephosphorylation is achieved by phosphatase action. Thus clock-directed signals determine the equilibrium position. Phosphorylated CREB activates the P2 promoter of the CREM gene and thus induces the expression of ICER. ICER down regulates its own expression constituting the CREM feedback loop. The balance between the proportion of phosphorylated CREB (positive effect) and ICER protein levels (negative effect) determines the transcriptional activity of the NAT promoter. Thus the promoter cycles between activated and repressed states as a function of time. In this way, NAT mRNA oscillates between high nighttime and low basal daytime levels and determines the characteristic day-night oscillation of NAT activity (alternating black and white bars below the activity curve denote night and day, respectively). The conversion of serotonin to N-acetylserotonin catalyzed by NAT importantly constitutes the rate limiting step of melatonin synthesis. Therefore this oscillating transcriptional control mechanism ensures rhythmic melatonin synthesis.
